To reduce the emission of greenhouse gases by the steel industry, particularly for ironmaking, the production of DRI (Direct Reduced Iron) using hydrogen as the reducing gas instead of carbon monoxide is being considered. In this context, the reduction of pure hematite by hydrogen was studied at the laboratory scale, varying the experimental conditions and observing the rate and the course of the reaction. All the reduction experiments were performed in a thermobalance and supplementary characterization methods were used like scanning and transmission electron microscopy, X-ray diffraction, and Mössbauer spectrometry. The influence of rising temperature in the range 550-900°C is to accelerate the reaction; no slowing down was observed, contrary to some literature conclusions. A series of experiments consisted in interrupting the runs before complete conversion, thus enabling the characterization of partially reduced samples. Interpretation confirms the occurrence of three successive and rather separate reduction steps, through magnetite and wustite to iron, and illustrates a clear structural evolution of the samples. Finally, the influence of the sample type was revealed comparing a regular powder, a nanopowder and a sintered sample. The regular powder proved to be the most reactive despite its larger grain size, due to a more porous final structure.
Introduction
A European consortium of steel producers led by Arcelor has launched a research program called ULCOS (Ultra Low CO 2 Steelmaking) with the objective of investigating new steel production processes to obtain a 50% reduction in the total greenhouse gases (GHG) emissions from the steel industry [1] . The program involves 48 industry and university partners and is sponsored by the European Commission. One of the processes under study is the direct reduction of iron ore in a shaft furnace using pure hydrogen to produce DRI (Direct Reduced Iron). The work presented here is part of LSG2M's task in the ULCOS project. It consisted in a series of laboratory experiments aiming at observing the course of the reduction of hematite by pure hydrogen and the influence of temperature and initial morphology on the reaction rate. Another part of our work, that will not be dealt with here, is to develop a 2-D mathematical model of the hydrogenbased shaft furnace process.
The reduction of iron ores by hydrogen is a gas-solid reaction which occurs in two or three stages. For temperatures higher than 570°C, hematite (Fe 2 O 3 ) is first transformed into magnetite (Fe 3 O 4 ), then into wustite (Fe 1-y O), and finally into metallic iron whereas at temperatures below 570°C, magnetite is directly transformed into iron since wustite is not thermodynamically stable (see Figure 1 ). The reduction of iron ore by hydrogen was widely studied in the 60s to 80s. Most of the reaction features are very similar to that of the reduction by carbon monoxide and many mechanisms are common to both of them [3] [4] [5] [6] [7] . Nevertheless, some significant differences must be underlined. First of all, the reduction with hydrogen is endothermic, whereas it is exothermic with carbon monoxide. Conversely, thermodynamics are more favorable with hydrogen than with carbon monoxide above 800°C. This makes the industrial operation different. With hydrogen, the hot gas fed has to bring enough calories to heat and maintain the solid at a temperature sufficiently high for the reaction to occur. Operating with a gas flowrate higher than stoichiometry is therefore necessary. Kinetics are also reported to be faster with hydrogen. This in turn can modify the morphology of the final product (iron), which depends on a competition between diffusion and chemical reaction [2, [6] [7] [8] . In particular, the formation of whiskers seems a specific feature of the reduction by hydrogen [3] . Whiskers are iron grains protruding from the wustite phase and growing as fingers toward the exterior of the particles. According to the literature [9] , they make the iron-iron contacts more frequent and could thus explain the phenomenon of sticking of the solid particles, sometimes experienced in industrial reactors operated with a high hydrogen content. Another awkward phenomenon observed with hydrogen is the occurrence, at some temperatures, of a slowing down at the end of the reaction to reach the last percents of conversion degree. Before determining the best operating conditions for performing the reaction industrially, it seemed to us necessary to undertake a new laboratory study of the reaction of iron oxide reduction by hydrogen. The present paper reports our first findings.
Experimental Apparatus
We carried out the reduction experiments using a thermobalance. Recording the evolution of the sample mass as the transformation occurs enables to follow the different steps of the reaction and to obtain kinetic data for each of them. The thermobalance used was a SETARAM TAG 24 whose particularity is to have two symmetrical furnaces, one for the sample (sample in crucible) and one for the reference (empty crucible). This configuration gives a more accurate weight measurement than that of usual, single furnace apparatus. Indeed, buoyancy and drag forces, acting the same way on the two crucibles, vanish instead of interfering with weight in the case of a single furnace. A schematic representation of the experimental device is presented in Figure 2 . The gases used were pure hydrogen, argon and helium (Air Liquide, grade Alphagaz 1). Part of the argon was sent to the resistor to protect it, the other gases being the carrier gases (argon and helium) and the reacting gas (hydrogen). Each flowrate could be modified to obtain different hydrogen contents in the gaseous mixture. The flowrate of the gas passing through the sample furnace was obtained by substraction between the total gas flowrate measured at the head of the balance, and that of the gas flowing through the reference furnace measured at its outlet. A needle valve placed at the outlet of the sample furnace was used to ensure that there was the same gas flowrate passing through the two furnaces. For all of the experiments, the gas flowrate was set to 70 cm 3 STP /min in each furnace. Solid samples used were three synthetic hematites, manufactured by Aldrich. The main type was a 99.9%-pure hematite powder, with grains smaller than 5 µm. It will further be referenced to as P1. The two other sample types were small sintered pieces, with grains about 1 µm in diameter (S1), and a very fine "nanopowder" (N1).
Experimental Procedure
The hematite sample (usually of powder P1) was first charged in an alumina crucible, weighed on a Mettler balance with a 10 -5 g precision, then installed in the thermobalance. The balance was emptied, then filled with helium and a constant flow of this gas was maintained during 30 to 60 minutes in order to sweep the furnaces and to adjust the gas repartition. The two furnaces were then heated at 50 K/min to the temperature of the experiment and the data collection was started. After waiting for 10 minutes to stabilize temperature, the hydrogen valve was opened and the reduction proceeded. When the time chosen for the end of the experiment was reached, the valve was closed and a large amount of argon was blown into the balance so as to expel the hydrogen. The reaction was thus stopped and the balance was let under a helium flow until getting back to room temperature.
A series of interrupted experiments was carried out in order to clarify the course of the reaction. As the reaction was too fast when using pure hydrogen, a mixture with 10 % in helium was used. The total conversion time was thus increased from 350 seconds to approximately 1100 seconds at 800°C. Figure 3 presents the evolution of the fractional mass loss and reduction degree as a function of time. Several changes in the slope can be noticed on the curves. Each of them, as it will be shown, can be attributed to the onset of a new reaction corresponding to the different iron oxides. The interrupted experiments were distributed along the curve so as to obtain data about the different steps of the transformation. The distribution is indicated in Figure 3 . Each vertical line corresponds to an interrupted experiment and a X-ray diffraction analysis. For some of them, a Mössbauer quantitative analysis was also carried out and/or scanning electron microscopy (SEM) photographs were taken.
Other experiments were performed to investigate the influence of temperature between 550 and 900°C and of the sample type, using the nanopowder and the sintered pieces. The experimental procedure was always the same as the one presented above.
Results and Discussion

Interrupted Experiments
Each sample was characterized by X-ray diffraction. All of the spectra obtained were superposed in Figure 4 . It shows that the reduction of hematite into magnetite is very fast since as soon as Red 35 sample (167 s), no hematite peak can be observed any more (frame H). The sample appears only composed of magnetite. On the following sample Red 37 (189 s), a new oxide is detected whose peaks correspond to wustite. According to the frames Wa and Wb, wustite is present in the samples for almost the entire time of the reduction, its peaks increase in size as the magnetite ones reduce. In Red 43, the first iron particles appear. From this sample, the iron peak (frame F) increases as the wustite peaks shift a little and decrease in size. The movement of these peaks could come from the evolution of the stoichiometry from Fe 0.89 O to Fe 0.95 O. The last sample Red 75 is composed of pure iron.
These results suggest that the different steps involved in the reduction of hematite to iron are quite well separated since wustite only appears when there is no more hematite and iron appears when there is no more magnetite. To confirm the previous results, Mössbauer analyses were performed. Figure 5 shows the evolution of the composition of the partially reduced samples as a function of time, as well as the complete reduction curve given by thermogravimetry. The theoretical positions of the intermediate iron oxides are also reported on the right axis. The formation of each intermediate oxide to the detriment of the previous one can clearly be observed. The transformation from hematite to magnetite is fast and complete. For the second step, wustite appears as magnetite is consumed but wustite begins to be reduced while magnetite remains until the end. This late presence of magnetite contradicts the X-ray diffraction results and can be attributed to a lower sensitivity of the X-ray analysis. The reduction of wustite is the longest step of the whole reduction process. On the conversion curve, it can be noticed that all of the changes in slope roughly correspond to the theoretical positions of the oxides and also to the occurrence of the maxima in magnetite (~150 s) and wustite (~300 s). Figure 6 presents SEM photographs of samples of the solid obtained after the interrupted experiments. The initial hematite is composed of small aggregates of approximately 1 µm, which are themselves made of smaller grains. At a higher magnification, these grains appear to be dense and of irregular shapes. The porosity between the particles is high. From the beginning of the reduction to Red 37, which corresponds to the transformation of hematite into magnetite, there are little morphological changes. One can only notice a somewhat more continuous structure of the solid, with the smaller constituting grains less visible.
Between Red 37 and Red 43, which corresponds to the conversion of magnetite into wustite, the changes are more obvious, though it is difficult to distinguish between magnetite and wustite phases. For example, according to the Mössbauer analyses, Red 37 is mainly composed of magnetite and Red 43 of wustite whereas Red 41 is likely made of 50 % of each. The final structure of wustite exhibits larger, flatter particles, more like discs than like spheroids. Most of the morphological changes occur at the beginning of the transformation and then, nothing visible happens. This suggests that wustite covers the surface of the particles very quickly, gathers neighbor grains and that further transformation takes place in the interior of the grains.
Finally, the reduction from wustite to iron (Red 43 to 75) entails dramatic changes in the morphology of the particles, as can be seen on the three last photographs. The iron phase is clearly identifiable. It appears as larger-size (about 2 µm) particles, often finger-like shaped. The growth seems to occur toward the exterior of the particles and the grains often join to give bridges. On the Red 75 photograph, the iron phase is quite continuous, but porous, with grains of approximately 3 µm. The small bright points at the surface are the last wustite grains that were reduced. This kind of growth was already observed and explained by many authors [6, [9] [10] [11] [12] . It results from a competition between the chemical reaction at the surface of the particles, which increases the iron concentration and activity at this place, and the volumetric diffusion of this excess iron toward the core of the particle. An external, whisker-type growth, is caused by a reaction chemically controlled, whereas a growth in the form of a spread layer is due to a diffusion control.
Influence of Some Experimental Parameters
The results of the experiments carried out at different temperatures are gathered in Figure 7 . A global acceleration of the reaction rate with temperature can be noticed. On the contrary to some authors [13, 14] , no slowing down could be observed between 700 and 800°C. As expected, no second change in slope can be seen on the curve at 550°C since wustite is not stable at this temperature.
The reaction rates at 5 % and 80 % of conversion, corresponding respectively to the transformation from hematite to magnetite and from wustite to iron, were reported on an Arrhenius diagram. The activation energies calculated are 14.7 kJ/mol and 14.3 kJ/mol. These values are low compared to most of those reported in the literature [15] [16] [17] [18] . An explanation could be the high porosity of our powder samples (contrary to compact and dense particles usually studied) that favors a gas-diffusion control. However, this point requires further investigations. Some experiments using the two other oxides (S1 and N1) were performed in order to investigate the influence of the sample type. The kinetics are reported in Figure 8 . The reaction is faster for the coarse powder (P1) whereas the two other solids exhibit a similar behavior. This result is a priori surprising since the specific area is higher for N1 and S1 than for P1. So as to understand the reasons of this behavior, cross-sections of the samples before and after the reduction were made. These are presented in Figure 9 . For the coarse sample P1, there has been a change in the morphology of the particles, already discussed, but the porosity remains quite high allowing easy gaseous diffusion. On the contrary, for S1 and N1, whereas the initial state also presents a great porosity, the final product is much more compact making the limiting step to become solid-state diffusion, which is far slower. 
Conclusion
The reduction of synthetic hematite samples is a multi-stage reaction with one or two intermediate oxides depending on temperature. Thermogravimetric experiments and analyses of partially reduced samples have shown that the longest step is the last transformation, i.e. from wustite to iron. The first two reactions, hematite to magnetite and magnetite to wustite, are successive and well separated since hematite has completely disappeared when the first grains of wustite are detected. On the contrary, the reduction of wustite into metallic iron begins before the total consumption of magnetite.
The morphological changes, barely observed in transformation of hematite into magnetite, are significant in the last two reactions. The initial small spherical grains first turn into flatter wustite grains and finally into more massive, finger-like shaped, connected iron particles. The iron phase seems to grow outwards. This kind of morphology could lead to the sticking phenomenon.
Besides, the influence of temperature and sample type were studied. In the experimental conditions considered, and in the range 550-900°C, an increase in temperature accelerates the reaction. Experiments with three types of hematite samples have shown differences in reactivity. With the sintered pieces and the nanopowder, the final iron structure can be quite dense, making the gaseous diffusion very difficult. The solid state diffusion thus probably becomes the limiting step of the kinetics and the reaction rate is lowered even if the initial specific area of the sample was high.
